Background: Repair of DNA double-strand breaks (DSBs) by homologous recombination requires 5 0 -3 0 resection of the DSB ends. In vertebrates, DSB resection is initiated by the collaborative action of CtIP and the MRE11-RAD50-NBS1 (MRN) complex. However, how this process occurs within the context of chromatin is still not well understood. Results: Here we identify the human SRCAP chromatin remodeling complex as a factor that promotes CtIP-dependent DNA-end resection. We show that SRCAP, which is mutated in Floating-Harbor syndrome, confers resistance to DNA damage-inducing agents and is recruited to DSBs. Moreover, we demonstrate that SRCAP is required for DNA-end resection, and thereby for recruitment of RPA and RAD51 to DSBs, and for the ensuing homologous recombination. Finally, we reveal that SRCAP forms a complex with CtIP and promotes accumulation of CtIP at DSBs through a mechanism involving its ATPase activity. Conclusions: Our study implicates the human SRCAP chromatin remodeling complex as a novel regulator of DNA damage responses that orchestrates proper signaling and repair of DSBs in the context of chromatin.
Introduction
DNA double-strand breaks (DSBs) are highly cytotoxic lesions that, if unrepaired or repaired incorrectly, can cause cell death, mutations, and chromosomal instability. DSBs are repaired by two major pathways-nonhomologous end joining (NHEJ) and homologous recombination (HR) [1] [2] [3] . NHEJ involves errorprone end-to-end ligation of the DSB end, and this pathway is most prevalent in the G1 phase of the cell cycle [1] [2] [3] . In contrast, HR allows precise repair of DSBs and occurs primarily in the S and G2 phase [1] [2] [3] . HR depends on the presence of a sister chromatid and requires extensive DNA-end resection to generate stretches of single-stranded DNA (ssDNA) that can invade the homologous DNA strand [1] [2] [3] . DNA-end resection occurs via a two-step process that can be divided into resection initiation and resection extension [1] [2] [3] . In the first step, the MRE11-RAD50-NBS1/XRS2 (MRN/X) complex and the associated CtIP/Sae2 protein initiate limited resection of the break ends [2] [3] [4] [5] [6] [7] [8] [9] . In the second step, the short 3 0 overhangs created are further processed by two alternative pathways, one dependent on the 5 0 -3 0 exonuclease Exo1 and the other dependent on the helicase-nuclease protein complex BLM/Sgs1-Dna2 [8, [10] [11] [12] [13] [14] . While considerable advances have been made in identifying the proteins that are directly involved in DNA-end resection, how this process occurs within the context of chromatin is still incompletely understood.
ATP-dependent chromatin remodelers are large multisubunit complexes that couple ATP hydrolysis to alterations in histone-DNA interactions and nucleosome mobility, thereby modifying the structure of chromatin [15] [16] [17] [18] . Studies have shown that the ATP-dependent chromatin remodeling complexes play important roles in many cellular processes that involve DNA, including transcription, replication, and repair [15] [16] [17] [18] . For instance, the INO80 and related SWR1 complexes bind to chromatin surrounding DSB sites and assist DSB repair [19] [20] [21] [22] . The human SRCAP chromatin remodeling complex includes the SNF2 family adenosine triphosphatase (ATPase) SRCAP, which is closely related in amino acid sequence to the S. cerevisiae SWR1 ATPase [15, 23] . SRCAP was originally identified as a CBP-binding partner [23] . Mutations in SRCAP are responsible for a rare genetic disorder known as Floating-Harbor syndrome [24] . In addition to the SRCAP protein, the SRCAP complex includes the actin-related proteins Arp4 and Arp6, the AAA + ATPases Tip49a and Tip49b, and the DMAP1, Gas41, YL1, and ZNHIT1/p18 proteins [25] [26] [27] . Although studies have shown that the SRCAP complex is capable of remodeling chromatin by catalyzing the incorporation of H2AZ-H2B dimers into nucleosomes, its physiological role in vivo remains poorly understood [26] [27] [28] .
In this study, we show that the human SRCAP complex promotes DSB resection and HR, hence contributing to cell survival upon exposure to DNA damage-inducing agents. Our findings establish SRCAP as a newly identified regulator of DNA damage response pathways and highlight the importance of ATP-dependent chromatin remodeling in maintaining genomic integrity.
Results

SRCAP Affects Cellular Response to DNA Damage and Is
Recruited to DSBs SRCAP is a multidomain protein and contains a helicase-SANT-associated domain at its N terminus, an SNF2-like ATPase domain and a CBP-binding domain in the middle region, and three AT-hook DNA binding motifs at the C terminus [23, 24] (Figure 1A ). To determine whether SRCAP plays a role in the DNA damage response, we examined how its depletion affected clonogenic survival of HeLa cells following their treatment with DNA-damaging agents. Remarkably, SRCAP depletion rendered cells more sensitive toward camptothecin (CPT), ionizing radiation (IR), and mitomycin C (MMC) (Figures 1B and  1C ; Figure S1A available online). These results suggest that SRCAP is required for cell survival after DNA damage.
At DSB sites, gH2AX foci persist if DSBs are not repaired. To examine whether SRCAP has a role in DSB repair, we analyzed gH2AX foci formation in control or SRCAP-depleted cells that were either untreated or exposed to IR. Interestingly, SRCAP depletion resulted in elevated levels of spontaneous gH2AX foci ( Figures 1D-1F) . Moreover, at 48 hr after IR treatment, while most of the gH2AX foci have disappeared in control cells, suppression of SRCAP prolonged their appearance ( Figures  1D-1F ). These results suggest that SRCAP is required for timely DSB repair. To examine whether SRCAP modulates DSB repair in the context of chromatin, we performed biochemical fractionation and determined that the majority of the SRCAP protein remained in the chromatin-enriched fraction (Figures S1B and S1D). Moreover, the chromatin-associated SRCAP can be released upon nuclease treatment ( Figures S1C and S1E) .
Many proteins involved in the DNA damage response can be recruited to DNA lesions. To determine whether this is also the case for SRCAP, we used a cellular system (a U2OS clone carrying the DR-GFP homologous recombination reporter) in which expression of exogenous I-SceI endonuclease introduces a single DSB in the cell's genome [29] . As expected, we observed recruitment of RAD51 to I-SceI-induced DSBs ( Figure 1G ). Importantly, targeted SRCAP chromatin immunoprecipitation (ChIP) showed that SRCAP at the I-SceI break site increased after DSB induction ( Figure 1G ). SRCAP recruitment to the damaged DNA was also detected by coimmunofluorescent staining with g-H2AX at laser-induced DNA damage stripes ( Figure 1H ). These results suggest that the localization of SRCAP is regulated in response to DNA damage.
SRCAP Depletion Inhibits Homologous Recombination
DSBs can be repaired by either HR or NHEJ. We examined whether SRCAP affects the repair of DSB by HR or NHEJ using cell lines bearing DR-GFP [29] or EJ5-GFP [30] reporter cassettes, respectively. SRCAP depletion decreased HR frequency to a level similar to that achieved by depleting the key HR factor CtIP (Figures 2A and 2B ). Conversely, we observed a slight increase in NHEJ frequency upon SRCAP depletion ( Figures 2C and 2D ). These findings, together with the observation that the recruitment of SRCAP to DSBs increased in S and G2 phases ( Figure S1F ), suggest that SRCAP promotes DSB repair by HR.
To investigate how SRCAP facilitates the HR process, we studied recruitment of RAD51 to sites of DNA damage, a step that is required for RAD51 to perform its DNA recombinase function. We found that depletion of SRCAP severely reduced recruitment of RAD51 to IR-induced DNA damage foci ( Figures 2E and 2F ) and to I-SceI-induced DSBs (Figure 2G) . In contrast, SRCAP depletion had no effect on g-H2AX, 53BP1, and BRCA1 focus formation ( Figures 2H-2K ). These results suggest that SRCAP functions independently of gH2AX and the proteins that it recruits.
SRCAP Depletion Inhibits DNA-End Resection HR is initiated by nucleolytic processing of the DSB ends to generate 3 0 ssDNA tails that are initially coated by RPA [3, 31] . Subsequently, RAD51 displaces RPA-ssDNA complexes to form a helical nucleoprotein filament that permits strand invasion and homology search [3, 31] . Thus, defects in RAD51 recruitment to damaged DNA in SRCAP-depleted cells could be explained by a defect in DNA-end resection. We then examined whether SRCAP depletion affected RPA2 focus formation in response to CPT or IR and found that in the absence of SRCAP, RPA2 focus formation was severely impaired (Figures 3A-3D ). In line with these findings, recruitment of the RPA-binding protein ATRIP to DNA damage sites was also defective in SRCAP-depleted cells ( Figures 3E and  3F ). More importantly, SRCAP depletion had no effect on HU-induced RPA2 focus formation, indicating that SRCAP depletion specifically impairs RPA2 accumulation in response to DNA damage, but not replication stress ( Figures 3G and 3H ). The generation of RPA-coated ssDNAs is an intermediate step not only for HR repair but also for ATR/CHK1 activation [3, 9, 31] . Indeed, SRCAP depletion attenuated CPT-and IRinduced CHK1 and RPA2, but not CHK2 phosphorylation (Figures 3I and 3J ). These results demonstrated that SRCAP depletion impairs DNA-end resection and ATR-dependent, but not ataxia telangiectasia mutated (ATM)-dependent, signaling after DSB induction. Importantly, suppression of SRCAP did not affect cell-cycle distribution and cell viability, indicating that the observed phenotypes in SRCAP-depleted cells were not caused by cell-cycle alterations ( Figures S2A  and S2B ).
ZNHIT1/p18 Promotes DNA-End Resection ZNHIT1/p18 was originally identified as a potential subunit of the SRCAP complex [25] . We confirmed the interaction between ZNHIT1/p18 and SRCAP ( Figures 4A-4C ). ZNHIT1/p18 depletion did not cause any significant change in the SRCAP protein level; however, SRCAP depletion led to a dramatic decrease in the ZNHIT1/p18 protein level ( Figures 4B-4D ). This implies that SRCAP may help to stabilize ZNHIT1/p18 in the cell. Since ZNHIT1/p18 exists in a complex with SRCAP, we examined whether the loss of ZNHIT1/p18 would result in similar defects in the DNA damage response. As expected, ZNHIT1/p18 depletion increased sensitivity of cells to CPT and IR, impaired recruitment of RPA2 and RAD51 to damaged DNA, impeded HR repair, and diminished CPT-induced CHK1 and RPA2 phosphorylation ( Figures 4E-4J ). These results, taken together with our observation that ZNHIT1/p18 depletion had no discernible effect on cell-cycle profiles (Figure S2C ), suggest that ZNHIT1/p18, like SRCAP, promotes DNA-end resection. Significantly, the defects in RPA2 focus formation and HR repair in ZNHIT1-depleted cells were ameliorated when cells stably expressed small hairpin RNA (shRNA)-resistant wild-type ZNHIT1/p18, indicating that the phenotypes caused by the shRNAs are ZNHIT1 dependent (legend continued on next page) ZNHIT1/p18 and SRCAP did not result in a further decrease in RPA2 focus formation and HR frequency, indicating that they may function in a same pathway ( Figures 4M-4O ). Since Swc6, the yeast homolog of human ZNHIT1/p18, is the nucleosome-binding component of the SWR1 complex [32] , we determined whether ZNHIT1/p18 was also able to associate with nucleosomes. As shown in Figure S2F , MBP-ZNHIT1/p18, but not MBP alone, precipitated nucleosomes as judged by histone H3 immunoblotting. In addition, like SRCAP, ZNHIT1 was recruited to the I-SceI-induced DSBs ( Figure S2G ). More importantly, SRCAP recruitment to I-SceI-induced DSBs was impaired by the depletion of ZNHIT1/p18 ( Figure S2H ). These results suggest that ZNHIT1/p18 is a nuclosome-binding component of the SRCAP complex and is required for SRCAP recruitment to DSBs.
SRCAP Interacts with CtIP and Is Required for CtIP Accumulation at DSBs
To gain insight into how SRCAP contributes to DSB resection, we examined whether its depletion affected the DNA damagedependent recruitment of these factors known to be involved in this process. Remarkably, SRCAP depletion impaired the recruitment of CtIP to IR-induced DNA damage foci (Figures 5A, 5C, S3A, and S3B) and to I-SceI-induced DSBs ( Figure 5E ). In contrast, SRCAP depletion had no effect on NBS1 focus formation ( Figures 5B and 5D ). Moreover, MRE11 depletion, but not CtIP or ATM depletion, reduced SRCAP recruitment to I-SceI-induced DSBs (Figures S3C-S3F ). These results indicate that SRCAP functions downstream of the MRN complex to promote recruitment of CtIP to DSBs. In support of this possibility, SRCAP depletion suppressed the accumulation of CtIP, but not the MRE11 complex, onto damaged chromatin ( Figure 5F ). Significantly, depletion of SRCAP led to increased sensitivity to genotoxic stress, reduced RPA2 foci forming ability, and decreased HR frequencies to levels similar to those achieved by depleting CtIP (Figures 5G-5J) . Moreover, codepletion of SRCAP and CtIP had no additive effects in comparison with depletion of either protein ( Figures 5G-5J ). These results suggested that SRCAP and CtIP promote DSB resection via a common pathway.
We next examined whether SRCAP may affect CtIP properties by physically interacting with it. As shown in Figures 5K-5M , although the interaction between SRCAP and CtIP was detectable under physiological conditions, the induction of DNA damage by IR treatment increased this interaction, indicating that SRCAP and CtIP form a complex in response to DNA damage.
To determine the domain of SRCAP that mediates its interaction with CtIP, we generated a series of SRCAP truncation mutants ( Figure S4A ). Coimmunoprecipitation experiments revealed that a domain spanning amino acids 800-1200 of SRCAP (F2) was sufficient for the binding of SRCAP to CtIP ( Figure S4B ). Conversely, using a series of overlapping CtIP deletion mutants, we mapped the SRCAP-binding region to residues 21-50 of CtIP ( Figures 6A and 6B ). Since the SRCAP-binding region on CtIP encompasses the conserved LKEX 4 E motif (residues 27-34) required for CtIP dimer formation [33] , it is possible that dimerization of CtIP contributes to its interaction with SRCAP. Indeed, the CtIP dimerization mutant (LKEX 4 E, conserved residues Leu-27 mutated to proline, and Lys-28, Glu-29, and Glu-34 mutated to alanine) failed to interact with SRCAP ( Figure 6B ). By contrast, SRCAP binding does not seem to be essential for CtIP dimerization or for CtIP interaction with the MRN complex and BRCA1 since a CtIP deletion mutant (D1-4) that no longer interacts with SRCAP is still bound to wild-type CtIP, MRE11, NBS1, and BRCA1 ( Figures 6C and S4C ).
To test whether there is a direct protein-protein interaction between SRCAP and CtIP, we performed glutathione S-transferase (GST) pull-down assays with recombinant GST-CtIP fusion proteins purified from bacteria and in-vitro-translated SRCAP-F2. As shown in Figure S4D , CtIP directly interacts with SRCAP-F2.
SRCAP Binding Is Important for CtIP Function in the Cell
Next, we examined whether the binding to SRCAP might be required for CtIP foci formation. As shown in Figures 6D and  S4E , all the mutants defective in SRCAP binding or dimerization exhibited a strong defect in localization to DSBs, suggesting that both the SRCAP-binding and dimerization properties are required for optimal CtIP foci formation.
To examine whether the direct interaction between SRCAP and CtIP plays a role in the documented CtIP-mediated DNA-end resection, we introduced shRNA-resistant constructs of wild-type or mutant CtIP into cells following the depletion of endogenous CtIP by shRNA. As shown in Figures  6E-6G , wild-type CtIP, but not the mutants defective in SRCAP binding, restored RPA2 focus formation in CtIP-depleted cells. These results suggest that SRCAP binding is required for the efficient accumulation of CtIP at DSBs and the subsequent CtIP-dependent DNA-end resection.
SRCAP Facilitates DNA-End Resection by Promoting Chromatin Relaxation
As SRCAP is an ATP-dependent chromatin remodeling enzyme, we therefore examined whether SRCAP alters chromatin structure by analyzing the sensitivity of chromatin to micrococcal nuclease (MNase) [34] . As shown in Figures 7A (C) Schematic representation of NHEJ assay. (D) SRCAP depletion leads to increased NHEJ. U2OS EJ5-GFP cells were infected with the indicated lentiviral shRNAs and 48 hr later were electroporated with an I-SceI expression plasmid. Forty-eight hours after electroporation, cells were harvested and assayed for GFP expression by FACS analysis. Results were the average of three independent experiments and were presented as mean 6 SEM. (E and F) SRCAP is required for RAD51 foci formation. SRCAP-depleted HeLa cells were treated with IR (10 Gy) and allowed to recover for the indicated times before fixing and processed for RAD51 immunofluorescence. Representative RAD51 foci were shown (E). Quantification results are the average of three independent experiments and are presented as mean 6 SEM (F). More than 100 cells were counted in each experiment. (G) SRCAP depletion reduces recruitment of RAD51 to I-SceI-induced DSBs. Recruitment of RAD51 to I-SceI-induced DSBs, gauged by anti-RAD51 ChIP followed by qPCR with primers adjacent to the DNA damage site, is shown. For control, we used control IgG ChIP followed by PCR with the same set of primers adjacent to DNA damage site. (legend continued on next page) and 7B, SRCAP knockdown cells were less sensitive to digestion with MNase, indicating that chromatin structure is more compact in SRCAP-depleted cells. Importantly, treatment of chromatin relaxation agents not only fully reversed the effect of SRCAP depletion on MNase sensitivity but also partially restored the effects of SRCAP depletion on RPA2 and CtIP focus formation (Figures 7C-7H ). These findings suggest that SRCAP may facilitate DSB resection, on one hand, through a physical interaction with CtIP and on the other hand via its role in promoting chromatin relaxation. Because the region required for CtIP binding on SRCAP partially overlapped with its ATPase domain ( Figures 1A, S4A , and S4B), this precluded us from distinguishing the precise mechanisms entailing SRCAP-mediated CtIP recruitment in DSB resection from its role in chromatin remodeling during DSB resection ( Figure S5A and S5B).
Requirement of ATPase Activity of SRCAP for DNA-End Resection
To further elucidate whether SRCAP can alter chromatin structure and promote DNA-end resection in an ATP-dependent manner, we generated two shRNA#1-resistant SRCAP expression constructs: one encoding the wild-type protein (SRCAP-WT), and the other encoding an ATPase-dead mutant (SRCAP-K626R) (Lys 626 is a conserved residue in the ATPbinding motif of SRCAP, and mutations of the analogous residue in other ATPase typically yield ATPase-deficient enzymes). As shown in Figure S5C , both SRCAP constructs were expressed at similar levels and were indeed resistant to the SRCAP-shRNA#1. In addition, the ATPase-dead mutant interacted with CtIP as efficiently as the wild-type SRCAP ( Figure S5D ). However, only the wild-type SRCAP, but not the ATPase-dead mutant, was able to alleviate the defects in DNA-end resection and chromatin relaxation in SRCAPdepleted cells ( Figures 7I and S5E-S5I ). These results suggest that the ATPase activity of SRCAP is important for its function in DNA-end resection.
An FHS-Associated Patient Mutation Is Defective in the Cellular Functions of SRCAP
Floating-Harbor syndrome (FHS) is a rare genetic disorder caused by mutations in SRCAP [24] . To date, all reported mutations are truncating mutations responsible for the loss of three C-terminal AT-hook motifs [24] . We performed rescue experiments to examine whether the FHS patient mutations would impair the functions of endogenous SRCAP in cells.
As shown in Figures 7I and S5 , a patient-derived mutant, R2263X (deletion of 787 residues from its C terminus), was defective in nuclear localization and failed to restore the defects in DNA-end resection and chromatin relaxation in SRCAP-depleted cells. These results indicate that the symptoms of FHS may be caused, at least in part, by defects in the cellular response to DNA damage.
Discussion
CtIP accumulates at DSB sites to promote DNA-end resection. However, how CtIP is recruited to DSBs has not been fully understood yet. Previous studies have shown that BRCA1 regulates CtIP retention at DSBs via a role in promoting CtIP polyubiquitination [35] . In addition, CtIP recruitment in response to DNA damage also appears to be regulated by the MRN complex, although the exact functional relationship between the MRN complex and CtIP is uncertain [36] [37] [38] . Recently it was shown that LEDGF binds CtIP and enhances its tethering to the active chromatin [39] . Moreover, CtIP dimer formation has been shown to be essential for its recruitment to DSBs [33] . Our results that SRCAP is important for CtIP recruitment following DNA damage provide another regulatory route. Given that both the SRCAP ATPase activity and the interaction between SRCAP and CtIP are important for the efficient accumulation of CtIP at DSBs, we speculate that the proteinprotein interaction between SRCAP and CtIP may be one of the earlier steps in response to DSBs ( Figure 7J ). This could possibly be followed by chromatin remodeling, which allows (B and C) ZNHIT1/p18 forms a complex with SRCAP. HeLa cells infected with the indicated shRNAs were either mock treated or treated with IR (10 Gy), allowed to recover for 1 hr, and then lysed in the presence of benzonase. Cell lysates were incubated with protein A agarose beads conjugated with indicated antibodies, and western blot analysis was carried out as indicated.
(D) SRCAP regulates ZNHIT1/p18 protein stability. Immunoblots show the levels of SRCAP and ZNHIT1/p18 in lysates prepared from cells infected with the indicated shRNAs.
(E) ZNHIT1/p18 depletion sensitizes cells to CPT and IR. HeLa cells were infected with nontarget or ZNHIT1/p18-specific lentiviral shRNAs and cultured in medium containing puromycin. The resulting stable knockdown cell lines were treated with indicated doses of CPT or IR, and cell survival assays were performed according to the Experimental Procedures. Experiments were done in triplicates. Results shown are averages of three independent experiments. (F and G) ZNHIT1/p18 depletion impairs RPA2 and RAD51 foci formation. Control or ZNHIT1/p18-depleted HeLa cells were treated with IR (10 Gy) for 1 hr before fixing and processed for RPA2 (F) or RAD51 (G) immunofluorescence.
(H) ZNHIT1/p18 depletion impairs HR repair. U2OS DR-GFP cells were infected with the indicated lentiviral shRNAs and 48 hr later were electroporated with an I-SceI expression plasmid. Forth-eight hours after electroporation, cells were harvested and assayed for GFP expression by FACS analysis. Results are the average of three independent experiments and are presented as mean 6 SEM. (I) ZNHIT1/p18 depletion reduces recruitment of RAD51 to I-SceI-induced double-stranded DNA break. ChIP assays were performed as described in Figure 2G . (J) ZNHIT1/p18 depletion impairs RPA2 and CHK1 phosphorylation following CPT treatment. Phosphorylation of proteins upon ZNHIT1/p18 depletion was analyzed by western blotting of lysates prepared from ZNHIT1/p18-depleted cells at 1 hr after cells exposure to 1 mM CPT.
(K and L) Rescue of RPA2 foci formation by expression of a shRNA#1-resistant ZNHIT1/p18 cDNA. A ZNHIT1/p18-depleted cell line stably expressing shRNA#1-resistant wild-type ZNHIT1/p18 was generated. The empty vector was included as control. The resulting cell lines were treated with CPT (1 mM) for 1 hr before fixing and processed for RPA2 immunofluorescence (L). The endogenous and exogenous ZNHIT1/p18 expression was confirmed by immunoblotting using indicated antibodies (K).
(M) Cells infected with the indicated lentiviral shRNAs were treated with IR (10 Gy) and allowed to recover for 1 hr before fixing and processed for RPA2 immunofluorescence. Quantification results were the average of three independent experiments and were presented as mean 6 SEM. More than 100 cells were counted in each experiment.
(N and O) U2OS DR-GFP cells were infected with the indicated lentiviral shRNAs and 48 hr later were electroporated with an I-SceI expression plasmid. Forth-eight hours after electroporation, cells were harvested and assayed for GFP expression by FACS analysis.
(N) Results were the average of three independent experiments and were presented as mean 6 SEM.
(O) Knockdown efficiency was confirmed by immunoblotting. See also Figure S2 . (legend continued on next page)
CtIP to access the spatially confined region surrounding the DSBs, thereby facilitating DNA-end resection ( Figure 7J ). DNA-end resection occurs by a two-step process [1] [2] [3] . Recently, several groups have demonstrated that Fun30/ SMARCAD1 is the major chromatin remodeler that promotes extensive Exo1-and Sgs1-dependent resection of DSBs [40] [41] [42] . In contrast to Fun30/SMARCAD1, human SRCAP enhances DNA-end resection by cooperating with CtIP, a key regulator in the initiation of DNA-end resection. Thus, the evidence presented here linking SRCAP to the initial end resection step distinguishes SRCAP from the related Fun30/ SMARCAD1 chromatin remodeler and suggests that different remodelers function at different steps in DNA repair.
Although human SRCAP is functionally linked to chromatin disposition of H2AZ [26, 27] , whether this histone variant is specifically involved in DNA transaction events at DSBs and exactly how it participates in DNA repair processes are unresolved questions. Indeed, whereas the yeast H2AZ directs ssDNA production [43, 44] , human H2AZ appears to inhibit resection at DSBs by promoting the recruitment of the NHEJ machinery ( Figures S6A-S6C ) [45] . Likewise, our observation that human SRCAP is strictly required for DSB resection and HR contrasts with those seen in its yeast counterpart, where SWR1 seems to play a negligible or only minor role in resection [19, 40, 44, 46, 47] . In fact, van Attikum et al. reported that SWR1 null cells supported MRE11 binding, end resection, and checkpoint activation, phenotypes that are in stark contrast to those we are reporting in SRCAP-depleted human cells [19] . Moreover, whereas Adkins et al. proposed that SWR1 marginally facilitated Exo1 resection, potentially through the dynamic incorporation of H2AZ, the authors also indicated that the SWR1D mutant did not display significant defect in resection [44] . We, on the other hand, found that the human SRCAP was critically important in DNA-end resection and that this is effected via stabilizing of CtIP at DSBs. Summing up these findings, we favor the idea that SRCAPdependent DSB resection may effect in an H2AZ-independent manner and that the mechanistic roles of these regulatory molecules in DSB repair may well be evolutionarily diversified.
SRCAP is a member of the INO80 ATPase family [15, 23] . Studies have shown that INO80 is required for variant histone eviction at DSBs and is associated with the repair of DSBs by both HR and NHEJ [21, 22, [47] [48] [49] . In addition, a recent study found that the mouse INO80 promotes the formation of ssDNA in the context of replication stress and is required for efficient replication of telomere repeat sequences [50] . However, there are ambiguous results about its role in HR and DSB end processing [21, 40, 41, [51] [52] [53] . We found that human INO80 depletion caused a mild, but reproducible, defect in DSB resection ( Figures S6A-S6C) , which suggests that INO80 may function in parallel with SRCAP. In mammalian cells, the protein most homologous to SRCAP is p400 ATPase, which also belongs to the INO80 family. However, p400 has only a minor role, if any, in resection ( Figures S6A-S6C) [54] . These results indicate that human SRCAP may, distinct from its other family members, be essential for the efficient initiation of DSB resection.
Although we cannot rule out the possibility that SRCAP might affect DSB resection indirectly by regulating chromatin structure and/or genes important for repair, its recruitment to DSBs and its association with DSB response factor CtIP argue in favor of its direct role in controlling cellular responses to DSBs. This conclusion is further supported by the fact that the overall levels of several key DSB repair proteins were not affected by SRCAP depletion ( Figure S6D ). It should be noted, however, that the potential direct and indirect effects of SRCAP are not mutually exclusive.
Experimental Procedures Antibodies
Antibodies specifically recognizing RPA1, BLM, RAD51, gH2AX, PALB2, and 53BP1 were described previously [55, 56] . Details of antibodies are provided in the Supplemental Experimental Procedures.
Immunofluorescence Staining
Indirect immunofluorescence was carried out as described [55, 56] . Details are provided in the Supplemental Experimental Procedures.
HR and NHEJ Reporter Assays DSB repair efficiency by HR and NHEJ was measured in DR-GFP (hygromycin resistance) and EJ5-GFP (puromycin resistance) U2OS cell lines as described previously [29, 30] . Details are provided in the Supplemental Experimental Procedures. ) and allowed to recover for 1 hr. Nuclear extracts were then incubated with MNase for 2 min, and DNA was visualized by ethidium bromide staining (A). The band densities were quantified using GIS 1D software, and the results were normalized to the signal for a1, b1, and c1, respectively (B).
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